A sediment core from a lagoon in southeastern Cuba was the focus of a multi-proxy paleoenvironmental study to investigate lagoon response to sea-level change and climate change and also to infer changes in the frequency of past hurricane strikes. The proxy data examined included benthic foraminifera, fossil pollen, particle size analysis, and macrocharcoal influx values. The core was dated using 137 Cs and accelerator mass spectrometry (AMS) radiocarbon methods. The results show that lagoon formation began approximately 4000 years ago and that the lagoon environment evolved through four phases: (1) from ~4000 to 2800 cal. yr BP, the lagoon was a shallow polyhaline to euryhaline system with limited mangrove coverage; (2) from ~2800 to 2000 cal. yr BP, there was a decrease in salinity which facilitated the expansion of red mangrove; (3) from ~2000 to 1000 cal. yr BP, sea-level rise resulted in an increase in water depth and possibly salinity; and (4) from ~1000 cal. yr BP to the present, water level continued to rise and the mangrove environment diversified. The shift to lower salinity conditions from ~2800 to 2000 cal. yr BP may have been climate driven as similar changes are seen at lagoons elsewhere in Cuba. The particle size data show several periods where sand-sized particles are more abundant; these periods are similar to data from Puerto Rico that document times of relatively frequent hurricanes. This paper shows that coastal lagoons are useful archives of paleoclimatic and paleoenvironmental information in the Caribbean region and that they should be the focus of additional research efforts.
Introduction
Coastal environments, because of their position between terrestrial and marine environments, offer unique insights into natural climate changes and, where present, anthropogenic impacts operating at a variety of temporal and spatial scales. Lagoons are common morphological features occurring at this interface and often record biological and sedimentary changes (McKee et al., 2007; Morton et al., 2000) associated with lagoon responses to both gradual, continuous processes such as sea-level change (Milne and Peros, 2013; Toscano and Macintyre, 2003) , and abrupt, episodic, high-energy processes such as storms (McCloskey and Keller, 2009; Park, 2012; Terry and Etienne, 2014; Toomey et al., 2013a) or tsunamis (Engel and May, 2012; Scheffers et al., 2008) . In general, research on the Holocene evolution of coastal environments from tropical and subtropical locations has been limited compared to similar research from higher latitudes (Engelhart and Horton, 2012) . The Caribbean, in particular, is a region where limited research has been undertaken, despite the fact that it is the home to a diverse range of coastal environments (Peros et al., 2007a) . In addition, increased pressure on coastal environments in the Caribbean through development and tourism necessitates a better understanding of the long-term evolution of these systems.
This paper attempts to help fill this gap by providing a highresolution, multi-proxy record of lagoon evolution over the last 4000 years from near the town of Uvero in southeastern Cuba.
Specifically, this paper has two objectives: (1) to examine the response of the lagoon environment to relative sea-level rise and climate change over this time period and (2) to add new information concerning how the frequency of major storm or hurricane impacts may have changed over time. Hurricanes in the Caribbean track westward and northward, and the study site was selected because its position in southeastern Cuba -which is directly facing oncoming hurricane tracks -means the lagoon environment should be sensitive to hurricane impacts. The proxy evidence used in this study includes benthic foraminifera, sediment organic content, and fossil pollen to reconstruct conditions within the lagoon environment and local vegetation, respectively; 2 The Holocene macrocharcoal fragments, to provide a record of past fire events, which may be linked to climate change and human impacts (Berrío et al., 2002; Kennedy and Horn, 2008) or possibly the effects of hurricane impacts (Liu et al., 2008) ; and sediment particle size, which is one the most common methods for reconstructing past hurricane strikes through the identification of sediment overwash layers (Donnelly and Woodruff, 2007; Liu and Fearn, 2000) .
Paleoclimatic, sea-level, and hurricane context
Paleoclimatic data concerning Cuba are scarce. In a study from Dos Anas cave in western Cuba, Pájon et al. (2001) examined δ 18 O isotopes from a stalagmite and inferred a series of precipitation shifts from ~15,000 to ~4500 cal. yr BP. Also in western Cuba, Fensterer et al. (2013) generated a nearly complete record of Holocene precipitation from a stalagmite in the Sierra de los Órganos Mountains, where δ 18 O values record increasingly wet conditions from 12,000 cal. yr BP until the present, with peaks at 6000 and 500 cal. yr BP, respectively. Other studies from Cuba undertaken by Peros et al. (2007a Peros et al. ( , 2007b reconstructed the paleoenvironment of the largest lake in Cuba, Laguna de Leche. An examination of pollen, microfossil, and sedimentary data indicated sea-level rise to be the dominant control on the evolution of the coastal system although climate change may have been responsible for a shift from oligohaline to freshwater conditions ~ 4500 years ago. In another study, Gregory et al. (2015) used high-resolution x-ray fluorescence (XRF) data and benthic foraminifera to examine climate variability in two lagoons in western Cuba and found evidence for long-term drying over the last 1500 years. Information on Holocene sea-level change in Cuba is also rare (Iturralde-Vinent, 2012) . In an early study, Dunayev (1977) radiocarbon-dated submerged mangrove deposits from offshore southwestern Cuba, but the poor provenance of the samples made their interpretation difficult. Pajón et al. (2006) argue that sea level in Cuba rose from 10,000 to 6000 cal. yr BP, and from 6000 to 2500 cal. yr BP, the rate decreased and was characterized by several intervals of relative sea-level fall. More recently, Milne and Peros (2013) presented new radiocarbon-dated mangrove data from Cayo Coco, on the north central coast of Cuba, which document a gradual rise in relative sea level over the past several thousand years. In terms of regional changes, a comprehensive study by Toscano and Macintyre (2003) using mangrove-and coral-based evidence showed that sea level in the Caribbean was approximately 20 m below present position at 10,000 cal. yr BP before it rose at a decelerating rate to its present level. In addition to presenting their new data, Milne and Peros (2013) showed that regional variability of up to 7 m existed among Caribbean sealevel records during the early to mid-Holocene but that the overall pattern of sea-level rise in the central Caribbean basin was broadly similar to that proposed by Toscano and Macintyre (2003) . On the basis of these studies (Milne and Peros, 2013; Toscano and Macintyre, 2003) , we assume that in southeastern Cuba, relative sea level was approximately 3 m below its present position 4000 years ago and rose to its present level at a rate of approximately 0.9 mm/yr. Similar to the paleoclimatic and sea-level records, the history of long-term variability in hurricane activity in Cuba is unclear and must be inferred from other locations. Sedimentary evidence from sites in Puerto Rico and the Bahamas provide information on variations in hurricane frequency over centennial to millennial timescales. This research is based on the use of coarse-grained sediment overwash layers to infer high-energy storm surge events (e.g. Liu and Fearn, 2000) . Donnelly and Woodruff (2007) provided a 5000-year-long record of paleo-hurricane strikes from eastern Puerto Rico and identified a number of periods of enhanced hurricane frequency: 4800-3600, 2500-1000, 550-450, and 250 cal. yr BP to the present. In the Bahamas, van Hengstum et al. (2014) provided a high-resolution particle size record from a blue hole which showed the presence of coarse sediment layers between the period from AD 1350 to 1650 (~600-300 cal. yr BP) which were also interpreted to represent more frequent hurricane events. Also, from the Bahamas, Park (2012) used grain size and x-radiography to identify storm events and concluded that a hyperactive period occurred between 3400 and 1000 cal. yr BP.
Study area
The study site is an unnamed lagoon (19.9486°N, 76.5395°W) located on the coast of southeast Cuba in the province of Santiago de Cuba (Figure 1 ). The lagoon is bordered by the Sierra Maestra mountain range to the north. Offshore the lagoon is a shelf 1 km in width followed by a steep drop to the Cayman Trench. The lagoon is elongated parallel to the sea and has a surface area of ~2.5 ha. The lagoon is disconnected from the sea by a barrier ~70 m wide which consists of a natural cobble beach and a ~40-m-wide band of predominantly Rhizophora mangle (red mangrove) vegetation on the inside edge of the lagoon. A coastal road (~10 m in width) is built over the rocky portion of the barrier. The nearest town, Uvero, is located 6 km to the west, and a few small farms are found on the slopes of the mountains to the north.
Geology
Southeast Cuba is underlain by volcanic arc deposits of late Paleocene to middle Eocene age. During the early Oligocene, stress between the North American and Caribbean plates along the south of Cuba resulted in the development of the Oriente fault system (Rojas-Agramonte et al., 2005) . The tectonically active fault is responsible for ~75% of Cuba's most damaging earthquakes (Garcia et al., 2003) . However, the strike-slip nature of the Oriente fault likely means that the effects of tectonic activity on relative sea-level change in the study area are minimal. Similarly, because of the lack of vertical movement associated with this fault, the risk of tsunamis generated from tectonic activity is reduced, although they have been reported in the area; a notable example is the tsunami of 11 June 1766 that flooded the city of Santiago de Cuba and caused considerable damage and loss of life (Cotilla Rodríguez, 2003; Lander, 1997) .
Climate
Cuba has a subtropical climate with a wet season from May to October and a dry season from November to April (Borhidi, 1996) . At the town of Uvero, the average annual high and low temperatures are 29°C and 23°C, respectively. Mean annual precipitation is ~1200 mm per year; from May until October, at CNICM on June 16, 2015 hol.sagepub.com Downloaded from precipitation averages ~150 mm per month, whereas from November to April, it is ~50 mm per month (Lecha et al., 1994) . In the Caribbean, hurricanes generally track west and north and strike the southeast coast of Cuba about once every 20 years (Limia et al., 2003) . Most tropical cyclone strikes occur in October (Ballester and González, 2001; Terry and Kim, 2015) . The last hurricane to come near the study site was Hurricane Sandy, which made landfall on 25 October 2012, as a category 3 storm (National Hurricane Center (NHC), 2014).
Vegetation
The vegetation of the region varies according to elevation and distance from the ocean. The rocky shoreline is a highly disturbed environment and contains little vegetation apart from occasional weeds, although in areas farther away from the roads, the endemics Rhytidophyllum minus, Tabebuia acunana, Rondeletia sevillensis, and the palm Coccothrinax gundlachii have been identified, along with other plants (Borhidi, 1996) . The lagoon itself is fringed by a dense stand of tall (up to 10 m) trees of Rhizophora mangle (red mangrove) in a band approximately 40 m wide. The substrate supporting the mangrove is a highly organic-rich soft mud, and the dominance of this tree indicates that the lagoon has a salinity of 2-5 ppt (Tomlinson, 1994) . On the landward side of the lagoon, small trees of Avicennia germinans (black mangrove) occur in drier areas, along with a few trees of the mangrove associate Conocarpus erectus (buttonwood mangrove). The slopes of the surrounding hillsides are largely deforested and support a number of cattle ranches and homesteads. Farther upslope, into the Sierra Maestra mountains, a diverse arboreal forest dominates with well-established populations of trees such as Cneorum trimerum, Pinus maestrensis, and Laplacea urbani (Borhidi, 1996) .
Methods

Fieldwork
A core (SC01) was recovered from near the center of the lagoon in 60 cm of water (Figure 1) . A hollow transparent tube fitted with a Livingstone corer piston was used to collect the unconsolidated sediments at the sediment-water interface, and this core was extruded in the field at 1-cm-thick increments (referred to as Drive 0 or D0). A Russian peat borer was used to collect subsequent drives below the sediment-water interface until refusal. A total of four drives were taken with the Russian peat borer (Drives 1-4 or D1-D4). The core and extruded surface sediments were wrapped in plastic and solid casing for transport to Canada. In the laboratory, all the sediments were stored in a refrigerator at approximately 4° C.
Chronology
137 Cs and 14 C dating were used to generate a chronology for the core. Nine samples from the upper 17 cm of sediment were sent to Flett Research Limited (Winnipeg, Canada) to identify the AD 1963 horizon representing the year of maximum atmospheric 137 Cs fallout. In addition, seven samples, including bulk sediment, a piece of wood, and unidentified organic matter, were sent to Beta Analytic (Miami, Florida) for AMS (accelerator mass spectrometry) 14 C dating. The measured radiocarbon dates were calibrated using the programs CALIB (Stuiver and Reimer, 1993) and the IntCal09 dataset (Reimer et al., 2009 ). An age-depth model that combined the 137 Cs and 14 C data was generated in R (current version 3.0.1; R Development Core Team, 2013) using the package CLAM (Blaauw, 2010) ; a spline function was used to fit the data points and generate age estimates for each sediment layer.
Laboratory
In the laboratory, the core was described for general lithology and was then divided into 1-cm-thick slices for sampling. A volume of 1 cm 3 of sediment was taken from each 1-cm slice for loss-onignition analysis. The sediment was first dried in an oven at 110°C before undergoing ignition at 550°C to provide estimates of percent organic matter by weight (Dean, 1974; Heiri et al., 2001) .
Macrocharcoal analysis was undertaken on all samples (with the exception of the uppermost 2 cm, as this was mostly water) to identify evidence of past fire activity. Approximately 2 cm 3 of sediment from each 1-cm level was wet sieved through 300-and 120-µm sieves. The sediment was then bleached for 24 h, and charcoal pieces were enumerated under a stereomicroscope at 10-40× magnification.
To reconstruct the former lagoonal environment, microfossil analysis was undertaken on 37 samples, spaced evenly throughout the core or closer where distinct changes in lithology occurred. Five cubic centimeters of sediment was sampled at each level and then wet sieved using 63-µm mesh to remove clay and concentrate the foraminifera and other microfossils. The coarse fraction was retained and split until a sample was small enough to pick approximately 300 specimens, which were then identified and enumerated through the use of standard slides from Poag (1981) and Scott et al. (2001) . The Shannon-Wiener function was used to calculate a diversity value for each sample using the software PAST (Hammer et al., 2001) .
To reconstruct past vegetation, fossil pollen analysis was undertaken on 16 samples throughout the core in order to provide information on local-and regional-scale vegetation change. Samples were treated with HCl (to remove carbonates), KOH (to disaggregate the sediment), sieved using 150-and 10-µm mesh (to remove coarse particles and clay), treated with HF (to dissolve silicates), and then glacial acetic acid and acetolysis (to digest nonpollen organic matter), before being mounted in glycerol and counted under a compound microscope (Faegri and Iverson, 1988) . A known quantity of Lycopodium clavatum spores was added in order to calculate concentration and influx values. Identifications were made using Palacios Chávez et al. (1991) , and between 200 and 300 grains were enumerated per level, although very low concentrations and high levels of debris on the slides meant only 100 grains were reached in a few cases. The pollen and foraminiferal diagrams were plotted using C2 version 1.7.2 (Juggins, 2007) . Both the foraminiferal and pollen diagrams were zoned using a stratigraphically constrained cluster analysis in the software PAST (Hammer et al., 2001 ). All taxa in percentage form were used with the paired-group algorithm and the Euclidean distance measure to generate the zones.
Finally, we used the presence of coarse-grained sediments (thought to represent sediment overwash events) to reconstruct past hurricane frequency. Despite this being a common approach, there is no consistent protocol as to how samples are prepared prior to analysis. Donnelly and Woodruff (2007) , for example, measured 'bulk grain size' which comprised all organics, carbonates, and siliciclastics in each sample. van Hengstum et al. (2014) undertook a similar analysis but also measured down-core silt and sand content after the organic fractions had been removed by losson-ignition (Heiri et al., 2001) . Lane et al. (2011) took a similar approach to van Hengstum et al. (2014) when they removed organics from the samples using a loss-on-ignition procedure (Dean, 1974) and sieved all the samples using a 63-µm sieve and weighed the sand-sized fraction. Most of these studies also use additional methods to identify down-core textural changes, such as x-radiography (see van Hengstum et al., 2014) . In this paper, we undertake a procedure whereby we removed both organics and carbonates to isolate the siliciclastic fraction, which was then measured for particle size distribution. This was undertaken to ensure that changes in the carbonate fraction, caused by processes unrelated to hurricane impacts (such as climate-driven salinity changes which may enhance or decrease foraminiferal production), do not influence the particle size distributions.
Sediment particle size was estimated using a Microtrac S3500 series laser particle size analyzer to determine particle size distribution for the ~2-to 2000-µm fraction for 138 one-centimeterthick levels in the core (it was not possible to analyze levels in all sections of the core as sediment had been consumed for other analyses). The sediment was first disaggregated using sodium hexametaphosphate. It was then treated with 30% H 2 O 2 to remove organic matter and 10% HCl to remove carbonates. Particle size distributions were calculated on the remaining siliciclastic fraction.
Results
Chronology
137 Cs activities for nine sections of the upper 17 cm of the core are listed in Table 1 and plotted in Figure 2a . In general, 137 Cs activity is low in all sections. Relatively high values of ~1.0-2.3 DPM/g dry weight are found in sections 10.0-11.0 and 14.0-15.0 cm, although these values are also associated with high errors due to the relatively small samples of sediment used (~1 g dry weight each). The depths 11.0-12.0 and 13.0-14.0 cm have low but statistically significant activity levels, indicating that they have incorporated 137 Cs isotopes from direct atmospheric fallout rather than terrestrial sources. Thus, the bottom of the two layers that contain these statistically significant 137 Cs activities (14.0 cm) is interpreted to represent AD 1963 (Hu, 2012, personal communication), a time of peak 137 Cs activity globally due to atmospheric bomb testing.
The radiocarbon date results are shown in Table 2 and are plotted in Figure 2c . These dates range from 'modern' to 3560 ± 30 14 C yr BP. There are no inversions in the radiocarbon data. The conventional 14 C age of 108.8 ± 0.3 percentage of modern carbon (pMC) provides a calibrated age of July 1956 to October 1957 (calibrated using the program CaliBOMB; Figure 2b ). The oldest date, taken from a sample at 199-200 cm, has a calibrated age range of 3720-3970 cal. yr BP, indicating sediment started to accumulate at the site beginning just prior to 4000 years ago. The age-depth model indicates that sedimentation followed a curvilinear pattern, being faster before 2000 cal. yr BP and then slowing down over the last 1000 years (Figure 2c ). The δ 13 C values of the radiocarbon samples, which range from −23.8‰ to −28.5‰, are consistent with the values measured on samples of red mangrove peat from north central Cuba (Peros et al., 2007a) , indicating that the accuracy of the dates is reliable (i.e. no major reservoir correction is necessary).
General lithology, loss-on-ignition, charcoal, and particle size
The total length of core SC01 is 211 cm (Figure 3) . The basal sediment (211-205 cm) consists of brown mud mixed with large angular pebbles. From 205 to 115 cm, the sediment is dark gray silty-clay with small, fragmented shells throughout. Small rootlets, probably from Rhizophora mangle, are also common in this unit. From 115 to 78 cm, the core is highly organic rich and is dominated by woody fragments that, on the basis of their reddish color, are probably the remains of Rhizophora mangle. From 78 to 50 cm, the texture of the core is visibly coarser with a higher abundance of small shells and shell fragments. From the surface to 50 cm, the core consists of light gray mud with occasional shell fragments. A ~1-cm-thick sand layer is present at 16.0-15.0 cm.
The loss-on-ignition results (Figure 3 ) are consistent with these general observations. Organic matter percentages are relatively low from 211 to 115 cm (at around 20% of the dry weight of the core). They increase to up to ~70% from 115 to 78 cm and then decrease again to approximately 20% from 78 cm to the surface (although they show more variability in this section of the core, with a peak of almost 80% appearing at 48 cm).
The charcoal influx results show considerable variability from the base of the core to 115 cm. Values are low from 110 to 100 cm and then increase until 50 cm, with two large peaks at 78 and 62 cm, respectively. Values decrease until 22 cm after which time charcoal influx increases considerably, reaching peak levels of almost 150 particles/cm 2 /yr in the upper 5 cm of the core.
In terms of particle size, the percentage of siliciclastics in the sand-sized fraction (>63 µm) show very low (and in many cases not existent) values from the base of the core to 120 cm. The percentage of sand-sized siliciclastics increases considerably at 108 cm, and values are generally higher, albeit variable, from 108 to 20 cm. The mean particle size follows this same overall pattern; mean grain size of the siliciclastic fraction is low from the base of the core to 108 cm (with particles approximately 20 µm in diameter) with the average grain size increasing to 25-35 µm in diameter to 20 cm below the surface of the core.
Calcareous microfossils
A stratigraphically constrained cluster analysis based on the foraminiferal percentage data generated five zones (foraminiferal zones (FZs); Figure 4 ). FZ1 consists of samples from 208 to Figure 4 also shows foraminiferal diversity values as measured by the Shannon H diversity index. The most taxonomically diverse samples are found in FZ1, FZ4, and FZ5, whereas the two samples in FZ2 are somewhat less diverse, although this may also reflect the fact that there are only two levels in this zone.
Pollen
Figure 5 presents a summary diagram of the pollen percentage and influx results for the most abundant and ecologically significant taxa from the lagoon environment, classified into four pollen zones (PZs). The percentage data show levels of Rhizophora mangle pollen between ~20% and 45%, percentages of Pinus caribaea between 20% and 40%, and Moraceae percentages around 20%, from the base of the core to 115 cm (PZ1). Relatively high percentages (~5-10%) of the mangrove Avicennia germinans are also present in this zone. PZ2 (115-50 cm) shows an increase in Rhizophora mangle to almost 60% of the total pollen sum, with a corresponding drop in Avicennia germinans, Pinus caribaea, and Moraceae. PZ3 (50-30 cm) consists of two levels that are statistically dissimilar (based on the results of the cluster analysis) but which have been grouped together to facilitate interpretation. Rhizophora mangle percentages are among the lowest in the core in this zone (~20%), but this zone also sees an increase in Avicennia germinans, Conocarpus erectus, Cyperaceae, Poaceae, Chenopodiaceae, Moraceae, and unidentified trilete spores probably in the family Polypodiaceae. The percentage of unknown grains in this zone is also high, perhaps reflecting an increase in regional pollen from upslope in the Sierra Maestra mountains. Finally, PZ4, from 30 cm to the surface, records an increase in Rhizophora mangle (to ~40%), coupled with high values of Avicennia germinans (~10%) and Poaceae (~10%) pollen.
The pollen influx values for several of the more abundant taxa (the mangroves, Pinus caribaea, and Moraceae) show that influx The 2σ intercepts for each date are shown along with the percent area under the calibration curve for each intercept. The numbers in the 'Sample' column and the numbers in the 'Depth in core (cm)' column do not match for drives 1, 2, 3, and 4. In the laboratory, the depths of these drives, which were taken in a continuous sequence, were readjusted upward by 14 cm each in order for textural and color changes to match between drives 0 and 1.
was highest in PZ1, and was very low in PZ2 and PZ3. Pollen influx increased considerably in PZ4 beginning at around 20 cm.
Discussion
Long-term lagoon evolution
On the basis of the sedimentological, micropaleontological, and chronological evidence, four phases of lagoon evolution have been identified (Figure 6 ).
Phase 1 (4000-2800 cal. yr BP) -FZ1 and PZ1. Lagoon initia-
tion began around 4000 cal. yr BP as the platform was flooded by initially lower but rising relative sea level. This period corresponds to FZ1 and PZ1. High values of pollen from plants that would have grown upslope (e.g. Caribbean pine (Pinus caribaea)), as well as high pollen influx values, attest to a quiet water lagoonal environment where pollen could collect. The presence of high levels of Quinqueloculina (and deformed Quinqueloculina) species indicates a shallow, high-salinity environment, possibly in the range of ~25-40 ppt, although some Quinqueloculina species can be found in brackish lagoons (Culver, 1990; Debenay, 2000; Debenay et al., 2001; Gischler et al., 2003; Hayward and Hollis, 1994; Murray, 1991) . Red mangrove is a prolific pollen producer (Davidson, 2007) , and the relatively low percentages indicate that this plant was present in the region but not around the lagoon, possibly because the system was too saline, as red mangrove normally favors brackish conditions (Tomlinson, 1994) . However, the presence of relatively high quantities of black mangrove pollen (Avicennia germinans) is consistent with the higher salinity values inferred from the foraminiferal data as this species prefers salinities that exceed 15 ppt (Tomlinson, 1994) .
Phase 2 (2800-2000 cal. yr BP) -FZ2, FZ3, and PZ2. This phase
is characterized by a freshening of the system. The assemblage in FZ2 (consisting of both Ammonia tepida and Quinqueloculina species) indicates that initially the salinity of the system was variable, alternating between oligohaline and marine-like conditions, as Ammonia is tolerant of a range of salinity values (Debenay, 2000; Hayward and Hollis, 1994; Labin et al., 1995; Murray, 1991) . However, the presence of large quantities of ostracodes (including Cyprideis sp. and Heterocypris sp.; noted but not graphed) and a complete lack of foraminifera in FZ3 supports the presence of a fresh or low-salinity environment at this time. This phase is also associated with an increase in red mangrove pollen (PZ2), consistent with a shift to low-salinity (2-5 ppt) conditions. The very high organic matter content indicates that red mangroves were fairly productive, and little open water may have been present in the lagoon. It is unclear what the cause of this freshening is, although it may have been climatically driven (see section 'Regional perspective' for explanation).
Phase 3 (2000-1000 cal. yr BP) -FZ4 and PZ2.
Relative sealevel rise continued throughout this zone, resulting in increased sedimentation and deeper lagoon water. The abrupt increase in the forams Elphidium excavatum, Rosalina subaraucane, Asterigerina aarinata, Triloculina schreberiana, and other taxa in FZ4 indicates a shift to a higher salinity system, possibly between 25 and 40 ppt (similar to the phase 1 lagoon). The lagoon was still surrounded by mangroves (PZ2), as indicated by the pollen data, although the increased salinity of the lagoon probably meant red mangrove receded, resulting in increased open water and an opening of the canopy. The relatively diverse foraminiferal assemblages indicate that this was a period characterized by numerous sub-environments favorable to a range of species; this could imply episodic opening of the barrier, increased storminess, or other processes that meant salinities and water depth fluctuated during this time, although on average both remained relatively high compared to phase 2.
Phase 4 (1000 cal. yr BP to the present) -FZ5, PZ3
, and PZ4. The last 1000 years of lagoon development is associated with the continued evolution of the system to the present environment. The first few hundred years (~1000-~700 cal. yr BP) may be associated with a second period of freshening as shown by a decrease in Quinqueloculina species, a decrease in foram diversity, and an increase in Ammonia tepida. However, this period (which corresponds to PZ3) is also characterized by a decrease in red mangrove pollen (normally indicative of brackish conditions), and an increase in Avicennia germinans and Conocarpus erectus (usually indicative of higher salinity environments), indicating a more diverse and mature mangrove environment. The latter several hundred years of this phase are associated with higher levels of Quinqueloculina species, in addition to the presence of taxa such as Rosalina subaraucane, Triloculina schreberiana, and Millionella circularis, as well as higher diversity values. Concurrent with this is a recovery of red mangroves, especially in the 20th century.
Hurricane activity
The particle size data are replotted in Figure 7 as a function of calendar years before present. Relatively coarse-grained (e.g. sand-sized) siliciclastic sediments in the lagoon are interpreted as having an allochthonous origin, originating from either the barrier or near-or offshore environment, and having entered the lagoon by a high-energy event, most likely a hurricane storm surge (e.g. Liu and Fearn, 2000) . Sediment input from terrestrial sources may be another source of coarse-grained siliciclastics, especially during intense rainfall events, although most periods of intense rainfall may also be related to hurricane activity. The results indicate a relatively quiet period of hurricane activity from 4000 to 2600 cal. yr BP, the presence of at least one large storm event around 2600 cal. yr BP, a period of more frequent hurricanes from ~2600 to 1800 cal. yr BP, followed by generally quiet conditions from 1000 to 500 cal. yr BP, and another increase in activity from 500 to 250 cal. yr BP (the period from 1800 to 1250 cal. yr BP is unclear given the lack of particle size data). These periods correspond closely to the timing of 'active' hurricane periods identified in the mean sediment grain size record from Laguna Playa Grande, in Vieques, Puerto Rico, also shown in Figure 7 (Donnelly and Woodruff, 2007 ; the light horizontal gray bars in Figure 7 correspond to the active hurricane zones from that paper). In addition, a study by van Hengstum et al.
(2014) from Great Abaco Island, the Bahamas, shows that hurricane frequency was low from ~AD 1350 to 1000, was higher during the period from AD 1650 to 1350, and was relatively low again from AD 1650 to the 20th century, somewhat consistent with the results from core SC01 and Vieques, Puerto Rico ( Figure  7) .
While the results from core SC01 are generally consistent with those from Puerto Rico and the Bahamas, they differ from studies from elsewhere in the Caribbean (Figure 7 ). For example, at Lighthouse Reef, Belize, Denommee et al. (2014) generated a near annual-scale sedimentary record of hurricane strikes from a blue hole for the period ~1200 cal. yr BP to the present. They identify a more active period from ~AD 800 to 1350 (~1150-600 cal. yr BP) followed by a quieter period from AD 1350 to the beginning of the 20th century, consistent with warmer and colder sea surface temperatures (SSTs) associated with the Medieval Climate Anomaly and 'Little Ice Age', respectively (Denommee et al., 2014) . On the island of Saint-Martin, Malaizé et al. (2011) examined sediment grain size and ostracod δ 13 C and inferred a period of more intense hurricanes from ~3700 to 1800 cal. yr BP and a quieter period from ~1800 to 800 cal. yr BP. At a site in coastal Belize, McCloskey and Liu (2007) , using sediment grain size, inferred active hurricane periods from 4200 to 3200, 2600 to 1450, and 600 to 200 cal. yr BP.
The high spatial variability in Caribbean paleotempestological reconstructions indicates that a number of factors may control millennial-scale changes in hurricane frequencies. The similarity of our data to that from Vieques, Puerto Rico (Donnelly and Woodruff, 2007) , supports the view of El Niño-Southern Oscillation (ENSO) or The West African Monsoon playing a role, such that when ENSO is active, increased vertical wind shear in the Atlantic results in the formation of fewer hurricanes (Elsner et al., 2001 ). In addition, there is evidence to indicate that when monsoonal conditions in West Africa are stronger (i.e. more convective precipitation occurs), hurricane formation is enhanced due in part to increased cyclonic vorticity and SSTs and reduced vertical wind shear, which favor hurricane development (Bell and Chelliah, 2006; Cook, 1999) .
Despite this, the similarity between records from the northern Caribbean (Puerto Rico, Cuba, and the Bahamas) and their discordance with records from other regions (Saint-Martin and Belize) might also be explained by a shift in hurricane tracks. This idea is commonly referred to as the Bermuda High Hypothesis, which argues that hurricane tracks are controlled by the mean position of the Bermuda High, such that when it is located more to the northeast, hurricanes will tend to take a path over the northern Caribbean, and when it is in a more southwest position, hurricanes will tend to be directed toward Central America and the Gulf of Mexico coast (Knowles and Leitner, 2007; Fearn, 1993, 2000) . Thus, hurricane tracks would have been centered over eastern Cuba, the Bahamas, and Puerto Rico from ~2600 to 1000 cal. yr BP (an active hurricane period at those sites), and then the Bermuda High migrated to a more southern position after 1000 cal. yr BP, which resulted in less frequent hurricanes at those northern Caribbean locations (Figure 7) . Indeed, a southward shift of the Bermuda High during the late Holocene has been proposed by Liu and Fearn (2000) and Malaizé et al. (2011) , driven by a long-term migration in the average position of the InterTropical Convergence Zone (ITCZ; Haug et al., 2001) .
Nevertheless, because of the paucity of paleotempestological records from the insular Caribbean, it is difficult to resolve which of these models is more plausible at this time, or if other factors, such as variations in the North Atlantic Oscillation (NAO), are also important (Denommee et al., 2014; Elsner et al., 2000; Malaizé et al., 2011) . Indeed, it is likely that multiple divers, including changes in atmospheric circulation (e.g. the Bermuda High Hypothesis) and internal climate processes (e.g. ENSO) are both responsible. Determining the relative importance of these factors will require considerably more high-resolution paleotempestological records to be developed.
Charcoal record
Cuba is moderately susceptible to forest fire activity, with the origin, size, and duration of fire varying as a function of season, fuel source, proximity to human settlement, and other factors. Fire is often used as an agricultural tool in Cuba, although natural fires are also common (NASA, 2014). The years from 1989 to 1998, for example, saw 361 fires reported as a result of lightning strikes across the island, with open savannah and pine forest ecosystems being especially susceptible (Ramos Rodríguez, 2000) . Coastal environments are themselves often the locations of natural fire activity; for example, thousands of hectares of the Ciénaga de Zapata wetland in south central Cuba are usually destroyed during the dry season each year as a result of lightening-induced fires (Medina and Alfonso, 2000) .
Previous research at Caribbean sites shows that the interpretation of charcoal records is complicated. For example, Caffrey and Horn (2014) showed how microcharcoal records from Hispañiola and Puerto Rico reflect both insolation-driven winter drying (i.e. natural causes) and deliberate prehistoric human burning of vegetation related to human settlement. At the Ría Lagartos Biosphere Reserve on the northern Yucatan Peninsula, Aragón-Moreno et al. (2012) used macrocharcoal to infer prehistoric Mayan impacts on the landscape and vegetation and showed that the Figure 7 . Plot of siliciclastics (>63 µm and mean diameter) and charcoal influx (particles/cm 2 /yr) from core SC01, and mean grain size of sediment from Vieques, Puerto Rico (Donnelly and Woodruff, 2007) . The darker gray boxes represent missing data in the SC01 core. The lighter gray bars represent active hurricane intervals identified by Donnelly and Woodruff (2007) . In addition, other active hurricane periods identified from other sites (Bahamas, van Hengstum et al., 2014; Belize, Denommee et al., 2014; Saint-Martin, Malaizé et al., 2011; and Belize, McCloskey and Liu, 2007) are plotted in gray; the white sections represent less active periods at those locations.
abundance of disturbance taxa (e.g. Poaceae) identified in the pollen record is not well correlated to macrocharcoal abundance. At Laguna Grande in Puerto Rico, Lane et al. (2013) showed that a large accumulation of both micro-and macrocharcoal is prevalent between ~1800 and 1100 cal. yr BP and indicate that this may be linked to prehistoric burning, although they also note that the presence of common disturbance taxa in the pollen record are not present, making interpretation difficult.
Fluctuations in the macrocharcoal record in core SC01 are also likely a function of both natural and anthropogenic activities. Cuba was first colonized about 6000 cal. yr BP in the western part of the island by hunters and gatherers, possibly from the Yucatan Peninsula (Wilson, 2007) . The timing of the colonization of the eastern part of the island appears to have come later as people migrated eastward across Cuba and from there into Hispañiola and Puerto Rico. The diet of these people would have included fish and small mammals as well as wild plants (Wilson, 1997) . By 2000 cal. yr BP, technological changes meant that ceramics were now available throughout most of Cuba and would have been used for a variety of food storage, cooking, and ceremonial functions (Rodríguez Ramos et al., 2008) . Indeed, recent starch grain and isotopic analysis from the site of Canimar Abajo, in western Cuba, shows that at least one species of cultigen (Phaseolus vulgaris, 'string bean') was being grown and consumed by at least 2800 cal. yr BP (Chinique de Armas et al., in press). Between ~1400 and 1000 cal. yr BP, a transformation took place in much of the Greater Antilles which saw the emergence of the Taino, a group characterized by more complex political organization, large villages, and expanded agricultural activities (Wilson, 2007) . There is no known archaeological data in the vicinity of the lagoon where core SC01 was recovered, making it difficult to assess the charcoal record in light of prehistoric land-use activities, although an increase in charcoal influx beginning 2600 cal. yr BP is consistent with the beginning of the development of cultigens elsewhere on the island, suggesting that human impacts (through land clearance and settlement) cannot be ruled out. Clearly, new archaeological information, as well as additional charcoal records from the region, will be necessary to assess the extent to which prehistoric people affected local ecosystems.
In terms of the recent charcoal record, influx values increase significantly beginning in the middle to late 19th century, and a likely explanation for this increase is human impact from settlement in the area. The region was one of the first areas of the Caribbean settled by the Spanish; for example, the city of Santiago de Cuba, located 80 km to the east, was founded in AD 1515. It is unclear when the immediate vicinity of the lagoon was first settled, although it is likely, given the size of nearby towns (such as Chivirico, 13 km to the east and with a population of approximately 15,000 people) that farmsteads in the area existed for some time. On this basis, it seems probable that historic deforestation and settlement of the area began in the broad vicinity of the lagoon by the middle to late 19th century.
Another potential explanation for long-term changes in the macrocharcoal record relates to hurricane activity. Liu et al. (2008) examined the question of hurricane-fire interactions at a small lake on the Alabama coast. The premise is that following a hurricane strike, the prevalence of abundant dry woody litter (produced as a result of the storm) in conjunction with a dry microclimate due to increased wind speed under a more open canopy (Myers and Van Lear, 1998 ) make forest fires more likely. This hurricane-forest fire interaction has been hypothesized for a number of regions, including the tropical lowland rain-forests of North Queensland, Australia (Webb, 1958) , the Everglades region of South Florida (Craighead and Gilbert, 1962; Loope et al., 1994) , and the Gulf Coastal Plain of the United States (Stanturf et al., 2007) , although it has rarely been tested empirically. Using sedimentological, pollen, and microcharcoal data, Liu et al. (2008) showed a close correspondence between past hurricane events and fire activity for the last 1200 years. The data in Figure  7 also show somewhat higher values of macrocharcoal from ~4000 to 3600 and ~2600 to 1000 cal. yr BP that correspond to 'active' hurricane periods, lending support to the hurricane-fire hypothesis. A notable difference, however, is the low charcoal value at ~2600 cal. yr BP which occurs at the same time as a major peak in sediment grain size. This indicates that even large hurricane events will not necessarily produce local-scale fires. However, the study by Liu et al. (2008) also used microcharcoal evidence, likely recording fires over a larger area, and the macrocharcoal data presented in Figure 7 probably do not record regional fires.
Regional perspective
A comparison of proxy records from elsewhere in Cuba and the Caribbean may shed light on the processes driving environmental change in the region (Figure 8 ). High-resolution records of late Holocene environmental change have recently been developed from two lagoons on the south coast of western Cuba: Laguna Playa Bailén and Laguna Punta de Cartas (Gregory et al., 2015) . In addition to foraminiferal and loss-on-ignition data, this study used millimeter-scale XRF-core scanning to document changes in the lagoon environments over the last 4000 calendar years. Concurrent with a gradual increase in salinity inferred from the foraminiferal data, the XRF results from both lagoons show a decrease in titanium concentrations over this time period. Titanium is commonly used as an indicator of erosion, and its decreased presence in the cores may reflect a reduction in rainfall and the onset of gradually drier climate (Haug et al., 2001) .
A pattern of increasing salinity was also inferred from 87 Sr/ 86 Sr isotopes at Laguna de le Leche, in north central Cuba, with an increase in salinity of 5-8 ppt taking place from 3000 to 4000 calendar years ago (Peros et al., 2007b) . In addition to the strontium isotopes, pollen and foraminiferal data attest to an increase in salinity as the local vegetation shifted from a freshwater ecosystem dominated by plants such as cattail to one characterized by brackish conditions dominated by red mangrove (Peros et al., 2007a) . At a coastal pond on Lee Stocking Island, Bahamas, Dix et al. (1999) argue that a pronounced shift in foraminiferal assemblages from one dominated by Ammonia beccarii (strain parkinsoniana, generally reflective of open marine conditions) to one dominated by Triloculina oblonga (indicative of higher salinity settings) over the last 1500 years reflects a shift toward higher salinities in that system.
Taken individually, the causes of these late Holocene salinity shifts could be attributable to local-scale factors such as the isolation of the wetlands though the creation of more stable barriers. The fact that this pattern has occurred at a number of sites, over a large area, indicates that a regional-scale process such as climate change played a role. Geochemical data from the Cariaco Basin (Figure 8 ; Haug et al., 2001 ) also record a gradual shift toward drier conditions over the middle to late Holocene, likely due to an orbitally driven southward migration in the average annual position of the ITCZ. This zone of heavy rainfall appears to have moved from the northern Caribbean (e.g. Cuba and the Bahamas) to the southern Caribbean or northern South America and would have resulted in less precipitation and hence higher salinities at northern sites. Core SC01 also tends to show this trend in increasing salinity, in particular, with large increases in Elphidium excavatum, Rosalina subaraucane, Asterigerina aarinata, and Triloculina schreberiana in FZ4 and FZ5, although changes in macrocharcoal influx do not record a gradual shift to drier conditions (i.e. more fires) likely because of complexities in the interpretation of the charcoal record (discussed above). (Gregory et al., 2015) ; Laguna de la Leche, central Cuba (Peros et al., 2007a (Peros et al., , 2007b ; Core SC01, eastern Cuba (this paper); Lee Stocking Island, Bahamas (Dix et al., 1999) ; and the Cariaco Basin (Haug et al., 2001) . For the data from Lee Stocking island (Dix et al., 1999) , the reservoir-corrected radiocarbon dates were calibrated using CALIB (Stuiver and Reimer, 1993) and the IntCal09 dataset (Reimer et al., 2009) , and a linear age-depth model was used to convert depths to ages. In addition to the select proxy records in this figure, summaries of environmental conditions for the sites in Cuba are included. The gray bar indicates the periods of freshwater or low-salinity conditions in each of the cores from Cuba.
All four Cuban sites also have periods of approximately 700-1000 years in length where foraminifera were either not formed, did not preserve, or are present but are found in association with low-salinity or freshwater indicators such as certain gastropods and ostracodes (Gregory et al., 2015; Peros et al., 2007a) . In the case of Laguna Playa Bailén and Laguna Punta de Cartas, these periods occurred between ~3100 and 2300 cal. yr BP and ~3400 and 2500 cal. yr BP, respectively. In core SC01, this period corresponds to ~2600-2100 cal. yr BP, whereas in Laguna de la Leche, it appears to have happened much earlier (~5000-4000 cal. yr BP). One explanation for this change in benthic communities is a freshening that would have resulted in the replacement of foraminifera by other organisms more tolerant of low-salinity environments. While other factors, such as anoxia, may also explain this change, the fact that it occurs at three of four locations at approximately the same time also indicates a climatic cause. Differences in the timing of these events may be explained by radiocarbon dating uncertainties; at Playa Bailén, Punta de Cartas, and in core SC01, the radiocarbon chronologies were developed largely using bulk sediment, which likely contained materials assimilating carbon from many different reservoirs. In the case of Laguna de la Leche, a marine reservoir effect was already inferred (Peros et al., 2007a ) and a correction of 1600 cal. yr was applied to each AMS date at that site. It may be that this was an overly conservative reservoir correction and that the freshening occurred several thousand years later, similar to the other three sites.
Despite this, the evidence for a shift toward wetter climate conditions at locations outside the study region is unclear. In the δ 18 O stalagmite record from the Sierra de los Órganos Mountains in western Cuba, the period of 3000-2000 years ago is characterized by a depositional hiatus, which was interpreted to represent either a dry interval or possibly a local-scale change in surface conditions which prevented stalagmite growth (Fensterer et al., 2013) . The Cariaco Basin record (Figure 8 ; Haug et al., 2001) does show several pronounced shifts from 4000 to 3000 cal. yr BP but very little change after this time. At Laguna Grande, Puerto Rico, this time is characterized by a period of low pollen concentration and poor pollen preservation, but there is no evidence of a similar freshening event (Lane et al., 2013) . However, in the Las Lagunas region of the Dominican Republic, high arboreal pollen concentrations indicate mesic conditions from 2250 to 1520 cal. yr BP (Lane et al., 2009 (Lane et al., , 2014 . Clearly, additional research is necessary to identify the spatial extent and cause of this episode.
Conclusion
This paper provides the first paleoenvironmental data for southeastern Cuba. Several themes have emerged from the results presented here. First, the time of 2600 cal. yr BP seems to correspond to an abrupt shift in hurricane regimes from a period of relative inactivity to a more active time. It is difficult to assess more recent changes in hurricane regimes, in part because of gaps in the particle size record at the site, but changes in the frequency of hurricane strikes during the Late Holocene appear to be similar among this site and data from Vieques, Puerto Rico (Donnelly and Woodruff, 2007 ) and the Bahamas (van Hengstum et al., 2014) . Additional high-resolution data, using multiple proxies, will be necessary to confirm to what extent change in hurricane activity is similar throughout the region. Second, this paper highlights the utility of coastal lagoonal environments as archives of paleoclimatic information. The main finding here is the possibility of a wetter period, on the order of 700 to perhaps 1000 years in length, having occurred between 2000 and 3000 years ago. Radiocarbon dating uncertainties mean that it is still difficult to ascertain if the timing of this event was synchronous (or not) throughout the region. Nevertheless, research on coastal wetlands is especially important in regions such as the Caribbean which do not have many freshwater lakes. That being said, lagoonal environments can be complicated as they are influenced by both changes in climate and sea level; thus, interpretation of their paleoenvironmental records requires multiple sites and proxies. Additional work at coastal lagoons should be a priority for developing a better understanding of Caribbean paleoenvironments.
